Background and objectives Soluble TNF-like weak inducer of apoptosis (sTWEAK) is a proinflammatory cytokine belonging to the TNF superfamily. sTWEAK concentrations have been associated with the presence of CKD and cardiovascular disease (CVD). We hypothesized that sTWEAK levels may relate to a higher prevalence of atherosclerotic plaques, vascular calcification, and cardiovascular outcomes observed in patients with CKD.
Introduction
CKD is an independent factor for several health outcomes, including cardiovascular disease (CVD) (1) . Compared with the CVD mortality in the general population, patients with CKD die at accelerated rate, 15-30 times higher than subjects without CKD (2) . The mechanisms for the elevated CVD risk in patients with CKD are complex and may implicate changes in both the vasculature and the heart. The presence of accelerated atherosclerosis in CKD could play a role in the higher cardiovascular (CV) mortality. Atherosclerosis is a multifactorial disease characterized by chronic inflammation and excessive cell proliferation. Unveiling the role of cytokines as inflammatory messengers provided a potential mechanism, whereby risk factors for atherosclerosis can alter arterial wall and produce a systemic response that favors atherothrombotic events (3) . TNF-like weak inducer of apoptosis (TWEAK) participates through its sole receptor fibroblast growth factor-inducible 14 (Fn14) in several cellular responses associated with atherosclerosis (4) . Experimental studies have shown a key role of the TWEAK-Fn14 axis in atherosclerotic plaque development, progression, and rupture (5-7). Moreover, specific gain-or loss-of-function phenotypes have shown that TWEAK participates in the development of experimental abdominal aortic aneurysms, stroke, myocardial infarction, and heart failure (8) (9) (10) (11) .
TWEAK can be proteolytically processed by furin, leading to the release of soluble TNF-like weak inducer of apoptosis (sTWEAK) (12) . We initially showed that sTWEAK is secreted in lower amounts from human carotid atherosclerotic plaques than in healthy arteries, suggesting its potential role as a biomarker of atherosclerosis (13). After that, the association of sTWEAK with CVD or CVD-related diseases has been extensively studied. sTWEAK concentrations are diminished in patients with coronary artery disease (14) , abdominal aortic aneurysm (15) , systolic heart failure (16), type 2 diabetes (17) , and CKD (18) .
The NEFRONA Study was an observational, multicenter, prospective study designed to evaluate the prevalence and evolution of subclinical atheromatosis in patients with CKD (19) . In this study, we wanted to confirm and extend the usefulness of sTWEAK as a biomarker of atherosclerosis in patients with CKD. We also tested the ability of sTWEAK concentrations to predict vascular calcification. Finally, we analyzed the association of sTWEAK with CV outcomes in the NEFRONA Study population.
Materials and Methods

Patients
The NEFRONA Study is a 4-year prospective multicenter cohort study aimed to assess the predictive value of noninvasive techniques for CVD events and mortality in patients with CKD (19) . In that study, 2445 patients with CKD (patients 18-74 years of age were eligible if they had CKD stage 3 or higher as defined by current guidelines [eGFR,60 ml/min per 1.73 m 2 estimated using the fourvariable Modification of Diet in Renal Disease equation]) were enrolled from October of 2010 to June of 2012. Of this, 1058 patients with available serum samples were included in the substudy. Patients were enrolled within 69 Spanish primary care centers distributed in 38 different regions from Spain. The exclusion criteria were previous CV events, active infections (HIV or tuberculosis), pregnancy, having received any organ transplantation, and having a life expectancy of ,1 year.
Primary outcomes were CVD events according to the International Classification of Diseases of the World Health Organization, which included unstable angina, myocardial infarction, transient ischemic attack, cerebrovascular accident, congestive heart failure, arrhythmia, peripheral artery disease or amputation for vascular disease, and aorta aneurism. At each visit, all-cause mortality and CV mortality were registered. All-cause mortality comprised infections, tumors, accidents, and uremia. CV mortality included myocardial infarction, arrhythmia, congestive heart failure, stroke, aneurism, mesenteric infarction, and sudden death.
Each physician responsible for the recruitment of patients with CKD accurately recorded CVD events and deaths. In the case of an out of hospital death, family members were interviewed by telephone to better ascertain the circumstances surrounding death.
Each local ethics committee approved the study. The authors adhered to the Declaration of Helsinki, and patients were included after providing informed consent.
Clinical and Biochemical Data
At recruitment, the patients were asked to complete a questionnaire, including clinical history of diabetes, hypertension, and dyslipidemia; CV risk factors; and medication use.
The ultrasound explorations (carotid and femoral) were performed according to a standardized protocol by three itinerant teams belonging to the Unit for Detection and Treatment of Atherothrombotic Diseases (UDETMA), Hospital Universitari Arnau de Vilanova (Lleida, Spain). The itinerant teams collected the anthropometric parameters and blood samples. Blood samples were processed immediately after extraction and storage at 220°C. After that, samples were sent and stored at 280°C within 24 hours at the centralized biobank of the Spanish Network for Nephrological Research.
Biochemical parameters were obtained from a routine fasting blood test. Serum sTWEAK concentrations were determined in duplicate with commercially available ELISA kits (Bender MedSystems, Vienna, Austria). The same investigator measured all samples in a blinded manner (Instituto de Investigación Sanitaria-Fundación Jiménez Díaz). The minimum detectable level of sTWEAK was 10 pg/ml. Intra-and interassay coefficients of variation were 7.3% and 8.5%, respectively.
Carotid and Femoral Ultrasound
B-mode ultrasound of the carotid/femoral arteries was performed using the Vivid BT09 Apparatus (GE Healthcare, Waukesha, WI) equipped with a 6-to 13-MHz broadband linear array probe. A single reader performed the analysis of the presence of atheromatous plaques in a blinded fashion using the semiautomatic software EchoPAC Dimension (GE Healthcare).
Ultrasound imaging was performed for the carotid and the common and superficial femoral arteries with the patients in a supine position. The presence of atheromatous plaques was defined as intima-media thickness ‡1.5 mm protruding into the lumen, which is the criterion given in the American Society of Echocardiography Consensus Statement (20) and the Mannheim Carotid Intima/Media Thickness Consensus (21) . This criterion was used in the Atherosclerosis Risk in Communities Study (22) and the Framingham Offspring Study (23) , two important studies showing the predictive value of atheromatous plaques in CV risk.
To assess the quality of the reading and the intraobserver reliability, a sample of 20 individuals was measured three to five times on different days. A k-coefficient of one was obtained, indicating excellent intraobserver reliability. To assess the quality of the measurements of the intima-media thickness, a sample of 20 individuals was measured three to five times on different days, obtaining an intraclass correlation coefficient of 0.93. The analysis included both carotid and femoral arteries. To determine plaque calcification, a semiquantitative method previously described by de Bray et al. (24) was used.
The ankle-brachial index (ABI) was also measured. Limb BP was measured in brachial, posterior tibial, and dorsalis pedis arteries. ABI values were obtained by dividing BP in the four arteries of the lower limbs by the highest brachial BP, hence resulting in four ABI values. Ratios between 0.9 and 1.0 are considered normal, ratios ,0.9 indicate a fall in distal blood flow, and ratios .1.4 reflect vascular wall stiffness. The most pathologic of the four ABI values was recorded.
Statistical Analyses
All of the statistical analyses were performed using the SPSS 11.0 (SPSS Inc., Chicago, IL) statistical package. Non-normally distributed variables were expressed as medians (ranges), and normally distributed variables were expressed as means6SDs. Between-group comparisons were assessed for nominal variables with the chi-squared test and the Kruskal-Wallis test. Spearman rank correlation was used to determine correlations between variables. Stepwise multivariate regression analysis was used to assess the predictors for ABI and carotid intima-media thickness (c-IMT) levels (non-normally distributed variables were log transformed for the statistical model). Time to event analysis of CV outcomes was done using the Cox proportional hazards model, including adjustment for potential confounding factors. Data are presented in the form of hazard ratios (HRs) and 95% confidence intervals (95% CIs). Statistical differences in c statistics were compared using the method by DeLong et al. (25) ; 95% CIs were calculated for each comparison. P value ,0.05 was considered statistically significant.
Results sTWEAK Concentrations in Patients with CKD
The demographic and clinical characteristics of the studied population are summarized in Table 1 . There were significant differences among the different CKD stages regarding age, sex, body mass index, and CV risk factors. Patients with more advanced CKD had lower sTWEAK concentrations ( Figure 1A ) (P,0.001). The lowest sTWEAK levels were found in patients undergoing dialysis (Table 1) . No differences were observed in the recovery percentages of sTWEAK between uremic and nonuremic sera (not shown), indicating that low sTWEAK levels observed in patients on hemodialysis were not related with their serum conditions.
No differences in sTWEAK concentrations were observed in patients with CKD with diabetes, hypertension, or dyslipemia compared with those without these CV risk factors. Current smokers (n=605) presented lower sTWEAK concentrations compared with nonsmokers (n=453; 372; interquartile range [IQR], 246-557 versus 412; IQR, 267-595 pg/ml; P=0.03). No differences were found according to the prescription of antihypertensive drugs, statins, or antidiabetic treatments.
Univariate associations of ABI and c-IMT are given in Table 2 . ABI was negatively associated with eGFR, c-IMT, total cholesterol, LDL-cholesterol, and glucose concentrations. c-IMT was positively associated with age, body mass index, systolic BP, eGFR, triglycerides, glucose, and high-sensitivity C-reactive protein (hs-CRP) concentrations and negatively correlated with diastolic BP, HDLcholesterol, ABI and sTWEAK levels. To clarify whether sTWEAK is an independent predictor of c-IMT, multiple lineal regression analyses were performed including variables that were statistically significant in the univariate analysis. Age (b=0.501; P,0.001), HDL-c (b=20.128; P,0.001), glucose (b=0.066; P=0.01), eGFR (b=0.137; P,0.001), and systolic BP (b=0.086; P=0.03) as well as sTWEAK (b=20.129; P,0.001) were independently associated with c-IMT. 
sTWEAK as a Predictor of Carotid Atherosclerotic Plaques
Patients with atherosclerotic plaques (n=729) showed lower sTWEAK concentrations compared with those without plaques (n=329; median =357; IQR, 244-517 versus 490; IQR, 296-652 pg/ml; P,0.001). When we analyzed sTWEAK serum levels according with the vascular territory affected (femoral or carotid arteries), only patients with carotid or both carotid and femoral plaques showed lower sTWEAK levels compared with those without atherosclerotic plaques ( Figure 1B) . sTWEAK concentrations were not significantly lower among patients with femoral atherosclerotic plaques than those without these lesions ( Figure 1B) . Table 3 shows univariate regression logistic analysis to assess predictors of the presence or absence of carotid atherosclerotic plaques. Low sTWEAK levels were defined as sTWEAK concentration ,33rd percentile (,289 pg/ml), and high sTWEAK levels were defined as its concentration .66th percentile (.465 pg/ml). After that, multivariable logistic regression analysis including only variables that were statistically significant in the univariate analysis was performed to assess predictors of the presence or absence of carotid atherosclerotic plaques. Older age, current smokers, and middle and lowest sTWEAK tertiles were independent predictors for the presence of carotid atherosclerotic plaques (Table 3) . Patients with calcified carotid atherosclerotic plaques showed lower sTWEAK levels compared with patients in whom the plaques were not calcified ( Figure 1C) . Table 3 shows univariate regression logistic analysis to assess predictors of the presence or absence of calcified carotid atherosclerotic plaques. After that, multivariable logistic regression analysis was performed. Older age, eGFR, hs-CRP.3 mg/L, and lowest sTWEAK tertile were independent predictors for the presence of calcified carotid atherosclerotic plaques (Table 3) .
sTWEAK and CV Outcomes
CV outcomes were determined from the day of examination onward, with a mean of follow-up of 3.1361.15 years; 89 patients died, 41 (46%) of whom died because of CVDrelated disease, such as myocardial infarction (n=11), stroke (n=6), sudden death (n=12), mesenteric infarction (n=7), or other CVD-related causes (n=5). sTWEAK levels were lower in patients suffering a fatal CV event compared with those free for fatal CV event (median =231; IQR, 174-354 versus 395; IQR, 261-577 pg/ml; P,0.001). Kaplan-Meier curves showed a significant association of lowest sTWEAK concentrations with worse survival (log rank =15.6; P,0.001) (Figure 2A) .
The predictors for CV mortality were studied by univariate and multivariate Cox analyses. In univariate Cox, diabetes, eGFR, being on dialysis, lowest sTWEAK tertile, and treatment with hypolipemic drugs and/or insulin were significant predictors of outcome (Table 4) . Multivariate Cox was used to study the effect of variables that were statistically significant in the univariate analysis. After that, only the lowest sTWEAK tertile persisted as an independent predictor of CV death (Table 4) .
The same analysis was done for total mortality. Total mortality was defined as mortality by any cause, including CV and non-CV death (cancer [n=21], infection [n=15], and others [n=12]). Crude analysis is shown in Table 4 . After adjustment, only age, eGFR levels, and treatment with hypolipemic drugs persisted as predictors of total mortality (Table 4 ). Because of the limited number of fatal CV events registered, we also analyzed the effect of sTWEAK concentrations on the prediction of CV events for a composite of fatal and nonfatal CV events (n=109). During the followup period, 68 additional nonfatal CV events were registered: transient ischemic attack (n=4), unstable angina (n=16), myocardial infarction (n=12), intermittent claudication (n=11), aortic aneurysm (n=2), cerebrovascular accident (n=16), and other CV event (n=7). sTWEAK concentrations were lower in patients with CKD suffering a nonfatal CV event compared with those without a CV event (median, 275; IQR, 191-428 versus 403; IQR, 263-586 pg/ml; P,0.001). Figure 2B displays the estimated cumulative evidence of major CV events. When patients with CKD were grouped according to sTWEAK tertiles, the probability of developing a CV event was higher in the lowest tertile of the sTWEAK concentrations group (HR, 3.74; 95% CI, 2.17 to 6.42; P,0.001). Cox proportional hazards model was performed to study the effect of traditional confounding factors on the probability of developing a CV event (Table  4) . In univariate Cox, age, sex, diabetes, eGFR, being on dialysis, hs-CRP levels .3 mg/L, middle and lowest sTWEAK tertiles, and insulin treatment were associated with a high risk of developing a CV event (Table 4) . Age, sex, diabetes, and middle and lowest sTWEAK tertiles persisted as independent predictors of CV events in multivariate Cox analysis (Table 4) . Finally, to assess the clinical usefulness of sTWEAK in predicting CV outcomes in patients with CKD, we created multivariable regression models with and without sTWEAK. The model with conventional CV risk factors included age, sex, smoking status, diabetes, hypertension, and hyperlipidemia as well as eGFR. According to c statistic, the model including sTWEAK has shown a significant improvement from HR, 0.69; 95% CI, 0.64 to 0.74 to HR, 0.73; 95% CI, 0.68 to 0.78 in accuracy of CV events prediction (P=0.03) ( Figure 2C ).
Discussion
In this work, we investigated sTWEAK serum levels as predictors of CV outcomes in a CKD population with or without CV risk factors but without any history of CVD. sTWEAK levels were negatively and independently associated with c-IMT in our studied population. Furthermore, sTWEAK concentrations were an independent predictor for the presence of carotid and/or calcified atherosclerotic plaques. Finally, sTWEAK levels were significantly and independently related with CV outcomes in patients with CKD.
The population study included patients with CKD from several primary care centers in a daily clinical practice with or without concomitant medication with the aim to have a representative Spanish population. Previously (18) and in this study, patients with more advanced CKD had lower sTWEAK concentrations. Although we do not know why sTWEAK concentrations are particularly low in patients on hemodialysis, this could be related with two different mechanisms. Fn14 expression is almost undetectable in the vasculature and the kidney. However, under pathologic conditions, such as atherosclerosis and CKD, Fn14 expression is upregulated (26) , favoring sTWEAK binding and retention in pathologic tissues. In addition, high CD163 concentrations have been observed in patients with severe CKD compared with controls (27) . CD163 acts as a scavenger receptor for TWEAK. Both retention in the tissue by Fn14 and degradation by CD163 could be responsible for the diminished sTWEAK levels observed in patients on hemodialysis. However, this is a hypothesis that needs to be tested in future studies. Variables' non-normally distributed data were log transformed before analysis. -denotes that no value is reported in the statistical analysis. c-IMT, carotid intima-media thickness; ABI, ankle-brachial index; sTWEAK, soluble TNF-like weak inducer of apoptosis; BMI, body mass index; SBP, systolic BP; DBP, diastolic BP; hs-CRP, high-sensitivity C-reactive protein. sTWEAK was negatively and independently associated with c-IMT in agreement with previous studies on asymptomatic subjects (13) and patients with CKD not on dialysis (28, 29) . However, positive association between sTWEAK and c-IMT has been reported in patients with transplants and CKD (30) , which could be because of the presence of special therapy regimens used in patients with transplants and CKD.
An important finding from our study is the difference of sTWEAK concentrations observed depending on the vascular territory affected. Thus, sTWEAK was lower in patients with CKD with carotid plaques compared with those with femoral atherosclerotic plaques or without plaques. In agreement with previous data from subjects free from clinical CVD (31), sTWEAK concentrations were an independent predictor for the presence of carotid atherosclerotic plaques. Femoral plaques have increased fibrotic content compared with carotid atherosclerotic plaques, whereas carotid plaques are characterized by a higher inflammatory cell content than femoral arteries (32) . Differences in sTWEAK concentrations between carotid and femoral plaques could be related to differences in cellular composition. More importantly, sTWEAK was also related to the presence of vascular calcification. Vascular calcification is a highly prevalent phenotype in patients with CKD, and it is both a risk factor and contributor to morbidity and mortality in patients with CKD (33). Interestingly, sTWEAK was an independent predictor of both CV mortality and first CV event in our population. These data are consistent with previous data from patients with stable heart failure (16) and patients with nondialysis CKD (34) . In contrast, we have observed that sTWEAK was not associated with total mortality. These data could indicate that sTWEAK is a good biomarker for CV prognosis but not a good biomarker for other pathologies.
Strengths of this study are the large sample size of patients with CKD included in our study and the fact that the vascular exploration was performed by the same itinerant team, minimizing the variability associated with the techniques. The assessment of plaques presence also in the femoral territories adds additional information to the analysis. In addition, this is the first time that sTWEAK levels are associated with the presence of CV events and CV mortality in a general CKD population. However, some limitations of our study should be highlighted for a correct interpretation of the implications of our findings. There is an intentional bias; only patients with no history of CV events were included, because the study was aimed to primary prevention of CV events. This bias was necessary, but its consequences have to be considered when interpreting the results. A relatively low number of CV deaths was reported during the follow-up, which might limit the statistical power of our analysis. Finally, in very complex diseases, such as CVD, a single biomarker could not be sufficient to detect atherosclerotic plaques. sTWEAK levels could add information to known CV risk factors and contribute to a better prediction of CV events.
In conclusion, low sTWEAK serum levels were associated with the presence of carotid atherosclerotic plaques in patients with CKD. In addition, sTWEAK levels were significantly and independently related with CV outcomes in patients with CKD. Kaplan-Meier plot of cumulative probability of a first major cardiovascular event when patients with CKD were grouped according to sTWEAK tertiles. Low sTWEAK levels were defined as sTWEAK concentration ,33rd percentile (,289 pg/ml), and high sTWEAK levels were defined as its concentration .66th percentile (.465 pg/ml). (C) Receiver-operating characteristic curves for cardiovascular events prediction. Curves are on the basis of logistic regression models incorporating conventional risk variables (age, sex, smoking status, diabetes mellitus, hypertension, hyperlipidemia, and eGFR) with and without sTWEAK. 
